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Objectives & scopes

-
For

Materials science, Nanoscience
Real and model systems
Microstructure, nano- and microobjects, microdevices

.

Fundamental science & technology-related materials <

Accurate, quantitative experimental data

Metrology Optimisation Needs Accessible measurements
" Physical jovation Transversal technique (metals, oxide, semiconductors,...)
properties Complementary with SEM, TEM
S /
BM32 it |
beamline =
v Dedicated station v First 4™ generation synchrotron
T A—— v Extremely Brilliant Source
v Unique in Europe S
s :
v Home-dev. software (Al) | High Performance Computing |
) \\\ /
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Laue Microscopy

X-ray detector svs2 HR spatial: 300 nm x 300 nm
| * ~&> HR angular: 0,006° < 0,01%

eskrE - Capabilities
No sample preparation
In situ & operando (T, force, |, V, XEOL,...)

| Orentation  Polycrystalline & single crystal

LaueNN — Lattice parameters 2D Mapping (9000 pts/h) Flexible FOV

LaueTools @‘ — Damaged material

analysis Siross Aygm ented pLau e
https://github.com/BM32esrr/  Defects Dﬁ,ﬁth [§§QLUHQQ (500nm)

Extended defects (plasticity)
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Principles: sensitivity & resolution
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_ Detector area

o <
[
Relative positions / reference => strain Standard Laue diffraction

Experimental & quantitative
determination of unit cell :

2 * Orientation

‘‘‘‘‘ : « (angular) Shape

(lattice parameters, strain)

- Absolute values

- 10“resolution for

- high absorbing material

: . - low defects density
Effect of strain or lattice parameters change  _ gatter resolution on gradients




Al-based Laue pattern indexing: complexity

Simulated “complete” Laue pattern Simulated “complete” Laue pattern Simulated “complete” Laue pattern
Single crystal Cu Single crystal UO2 Single crystal ZrO2
(cubic) (Large cubic unit cell ) (monoclinic)
0 0 0
250 250 250
500 500 500
750 750 750 -
£ 1000 2 1000 £ 1000 T
> >C-L > i
1250 1250 1250
1500 1500 1500
1750 1750 1750
2000 2000 . 2000 g Nl
0 500 1000 1500 2000 0 500 1000 1500 2000 0 500 1000 1500 2000
X pixel X pixel X pixel
Nb. of spots in detector: ~40 Nb. of spots in detector: ~160 Nb. of spots in detector: ~500

*Detector at 70mm from the sample surface

J.S. Micha et al, Laue Microscopy - New Opportunities in Diffraction Microscopy 8-11 January 2024 ESRF Grenoble France 5



Al-based Laue pattern indexing: complexity

Simulated “complete” Laue pattern Simulated “complete” Laue pattern Simulated “complete” Laue pattern
Polycrystalline Cu (5 grains) Polycrystalline UO2 (5 grains) Polycrystalline ZrO2 (5 grains)
(cubic) (Large cubic unit cell ) (monoclinic)

0 0 0
250 250 250
500 500 IQZE:F : 500
750 750 L“ 750
£ 1000 £ 1000 j;fff'. £ 1000

1250 1250 e 1250

1500 1500 1500

1750 1750 1750

2000

2000 L 2000 LA

0 500 1000 1500 2000 0 500 1000 1500 2000 0 500 1000 1500 2000
X pixel X pixel X pixel

Nb. of spots in detector: ~230 Nb. of spots in detector: ~800 Nb. of spots in detector: ~2600

» In reality, we also have photon noise/ dead pixels/ saturated peaks on the detector (also detector efficiency)
» Also the intensity of Laue spots for grains diffracting underneath the surface grains will not be the same
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Al-based Laue pattern indexing: extracting Laue features for training

Ability of the neural network learning depends strongly on the applicability of the feature it is dealt with.

Angular space is more meaningful in Laue

Simulated Laue Pattern for single crystal Cu Angular distribution for (55 -5)

T 3.0 A
eSS Binning of angular
éO-S i .

| distance between
neighbor spots 2.0

40 4

20 -

s 07 ‘ 215
> [a)
-20 1 ) . 1.0
Neighbors defined by
w0 limit search angle 051
e ees L (here 20)
50 60 70 80 90 100 110 120 130 0.0

26 (in deg) 0.0 2.5 5.0 7.5 10.0 12,5 15.0 17.5 20.0
Angular distance bins

- Angular distance distribution is used as input for the Neural network.
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Al-based Laue pattern indexing : an optimized Deep Feed Forward model

A simple NN architecture - Faster prediction

Input Layer € R Hidden Layer 1 € R Hidden Layer 2€ R  Hidden Layer 3 € R Qutput Layer € R
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Al-based Laue pattern indexing : an optimized Deep Feed Forward model

A simple NN architecture - Faster prediction

y
Wl bl W2 bz

Angular distribution
for (55-5) Laue spot

z
@
3 1.5
a

Training dataset orientations Validation dataset orientations

*R Quey, A Villani and C Maurice, Nearly uniform
sampling of crystal orientations, Journal of

Applied Crystallography, vol. 51, pp. 1162-1173,
2018.

Uniform orientation distribution generated with Neper*

001 101

ayer 3 € R Output Layer € R

> Difraugmentation.ppstiapopgise.and disannearanesoob spets (ar.postial:laue. pasterns) based on their energies .

. . rance . . . - . . .
*Purushottam raj purohit R.R.P, et al. "LaueNN: Neural network based hk'lzrecogmtlon of Laue spots and its application to polycrystalline materials”. ." Journal of Applied Crystallography 55, no. 4 (2022).



Al-based Laue pattern indexing : an optimized Deep Feed Forward model

» Single neural network architecture that works for all
crystal symmetries

Model Validation Time to predict a 100 p-=;

__.q-__-q-_-.-qf‘-_- ———————

. . o _— - ____‘:‘____. ___._.b————
Compound training accuracy of the hkls in one Laue X 804 >
- i
time (s) model image (s) ® 5 .
V] : |
% =@~ Training accuracy Cu (cubic)
T - \hl?d:‘ation accuracy Cu (cubic)
Cubic 25 99.7% 0.25 g 40 T Velation scturacy Sh Geegoman
= —&~ Training accuracy ZrO2 (monoclinic)
2 O —4 Validation accuracy ZrO2 (monoclinic)
[o) 1 =P Training accuracy Li2VOPO4 (triclinic)
Hexagonal 180 98'2 A) 033 - Validat?on a<:cura!.rrq.-r Li2VOPO4 (triclinic)
Tetragonal | 180 98.6% 0.40 b 37 o g o G oo
g -0 70 : 3.0 | -@ \Validation loss Cu (cubic)
U7 i ] i —de—Training | n ragonal
<1 second — V:Iid_atigorﬁ:si sﬁ:e:rg:g:r;a_n
Monoclinic | 750 94.4% 0.65 w258\ 3 Valdation oss 702 (monecini
@ —p— Training loss Li2VOPO4 (triclinic)
8 20 b ; = \Validation loss Li2IV0P04 (triclinic)
Li,VOPO, Triclinic 1200 88.2% 0.86 ® | |
E
Training: Standard laptop with 8corgs Available Lauetools, LaueNN
Prediction: Single CPU mode on github
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*|PF (Z) plotted with MTEX
Optical microscopy image GaN- phase (grain 1)

Si- phase

GaN- phase (grain 2)

Scan direction \
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Polycrystalline Tungsten: validation of strain assessment
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Key step for high resolution: geometry calibration

High strain resolution obtained by a fine calibration of the geometry
< accurate location of point C wrt 2D detector pixels plane array

Use of optical microscope focusing plane

10“resolution on scattering angles,
absolute strain and absolute lattice parameters
if scattering is close to point C within 10 um along the beam

10“resolution for: 20rong e
- Objects at surface:
- High absorbing material
- Thin films
- Controlled depth of scattering process:
- Prior knowledge (multilayer, ...) @
- Experimentally determined (3D Laue) microscope focusing plane

C: calibration point

Better resolution on strain gradient than on absolute strain
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Applications

—_—erm | Direct gap
T strained Ge

Functional
materials

NiTi alloy

InGaN/GaN pLEDs

In situ |
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Applications
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Applications

circuits solder

Detection circuit
Solder bump
""""""" 10 mm
Read circuit =

Flexible
~ microelectronics
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Microscopyimagingwithout indexing

Multi-ROls maﬂ .

Peaks lists dataset
peak existence, correlation,
factorization,...

fmosaic;giigg

X ray detector: ROl counters
- 2D: Mosaic
- Scalar: max, meamaxpos

LROJarfma:I 5 ~,,4

T
0 50 100 150 200 250

I 0.5um

Multi-ROls maxpos

E
Al n;
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3D Laue Microscopy: principles

2D
Detector
Detector | .
mprovements:
- Transmission function of wire
,_O - 3-5 wires in parallel
et e
fluoresc
1)
Absorbing wire » Penetration depth from pm to mm Wire position. p .
(W, 50 pm) dy
Sample at »DAXM _ Ser
40c a5 A T F ApeRuyfelixiay Microscops e
(Larson et al. 2002) R 2Tty
> Depthresolution simple triangulation of thecatteredintensity SRR e >
SZ = F2111 + F2212+ ...+ IN ‘ %
‘S-‘N = FNlll + FN212+"‘ + FNNIN =
where F; describe the wire absorption depth, d

Collab C.Y A ND K f $adK(MEEXIE), GermadynicroFatigug@roject
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3D-uLaue : data collection and analysis

3D Scan (x, Y, p)

In situ plasticity
fatigue mechanical test
Cu bicrystal

)

v" New software

_ g package
included in

Local
Orientation
strain

/ voxel(x, y, z)

3D map (X, yz) LaueTools

3D reconstruction_

— T

Assemble - NN (SRS
T e e

Local Laue pattern p
/ voxel(x, y, z)

Collab C.Y A ND K f $ddK(MEIEXIE), GermakynicroFatigugroject

Y (pixels)
oOrFr ON OWwWw O OO

Damage and defects
(dislocations)

Storage and interactions with
surface and grain boundary
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Energymeasurementsfull strain'stresstensors

o 4.0 T : ‘ ’ 13.5
Full strain -
5 | e SRR
\ = \ // 13.0
2 measurements * —'c _ g] o e —

€
Deviatoric strain /

2 - 139 T : 12.5§
%20 = / 1zo§)
hydrostatic strain g | = 1
é 15 117 ,§
é 339 e
N N 210 W
hkl Lau-e spotenergy . _ ¢4 (*G).C ez
(dspacing) ~ ; ,
0.0 - L — il 105
-440 -435 -43.0 -440 -435 -43.0
Fu" stress S :€:e diamond angle (degree) diamond angle (degree)

Rotating diamond transmission filter
Energy resolution:
Intrinsic HR from crystal diffraction (monochromator, crystal analyser): some 10

Much Less resolution for solid state detector (punctual SDD, 2D pnCCD): ~ 102 (broadening)
< 10-3 (average energy dsitribution)

HR from dev. Strain by assuming s,, =0 (at surface). Suited for Thin film 2D map
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J.S. Micha et al, Laue

LLaue Diffraction | energy fine measurements
using rotating transmission diamond filter | Full Stress

"Inverse” monochromatic diffraction The Rainbow filter technique

hkl peak intensity
A

2=

> Diamond angle

White heam

Diffracting diamond plate

sample Achromatic focusing system

cta Cryst. (2013

164-
Icroscopy - I@ew Opportu |t|es? %?@racgonll\/llcroscopy&llJanuary2024 ESRF Grenoble France

ach et al.
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LLaue Diffraction | energy fine measurements
using rotating transmission diamond filter | Full Stress

"Inverse” monochromatic diffraction The Rainbow filter technique

hkl peak intensity
A

> Diamond angle

/ White beam

Diffracting diamond plate

sample Achromatic focusing system

achetal., fctaGryst %Zlgg'sg?nADlaf r’a%gér_]]l\%)croscopy 8-11 January 2024 ESRF Grenoble France
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LLaue Diffraction | energy fine measurements
using rotating transmission diamond filter | Full Stress

"Inverse” monochromatic diffraction The Rainbow filter technique

hkl peak intensity
A

o

> Diamond angle

/ White heam
Diffracting diamond plate

sample Achromatic focusing system

cta Cryst. (2013

164-
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ach et al.

27



Conclusions pLaue @ ESRF

Microstructure and Metrology characterisation tool  Next proposals call: March42023

Open to broad scientific community Contact | infos | free tests
High angular resolution

Few 100s nm spatial resolution micha@esrf.fr
In situ experiments (elasticity — plasticity), signal with large strain
Addons mapping measurements: 3D, full strain/stress, element concentration

D NI NI NN

Current & future challenges

v' LaueMAX Upgraded instrument (flux X 10, beamsize 150 nm) coming soon Spring 2024
v use of Al assistance (DIADEM project): - data collection (detect and select high quality data)
- data analysis (peaks overlap, peaks subgrains splitting)

Crowded Laue patterns
(multiple grains, twins)
Peak Shape analysis
(Defects)

Infer topography
(depth, GB, 3D shape)
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